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Introduction: Medical management of type B aortic dissection can result in progressive dilation of the false lumen and
poor long-term outcome. Recent studies using models of aortic dissection have suggested flow characteristics, such as
stroke volume, velocity, and helicity, are related to aortic expansion. The aim of this study was to assess whether
four-dimensional phase-contrast magnetic resonance imaging (4D PC-MRI) can accurately visualize and quantify flow
characteristics in patients with aortic dissection and whether these features are related to the rate of aortic expansion.
Methods: Twelve consecutive patients with medically treated type B thoracic aortic dissection underwent a three-
dimensional (3D) MRI anatomy scan using a blood pool contrast agent. Two-dimensional phase contrast MRI data (2D
PC-MRI) were acquired in the ascending and descending aorta and 4D PC-MRI data were acquired in the entire thoracic
aorta. The 2D PC-MRI measurements were used to assess the quality of the 4D PC-MRI velocity data. Stroke volume,
velocity, and the direction of flow were calculated using 4D PC-MRI and related to the rate of aortic expansion measured
on contrast-enhanced computed tomography.
Results: Comparison of 2D PC-MRI and 4D PC-MRI measurements showed good correlation (Pearson R2  0.98; 95%
confidence interval [CI], 0.9818-0.9953; P< .0001) and no proportional bias (bias 1.0 mL; standard deviation, 4.6).
The median aortic growth rate was 6.1 mm/y (interquartile range [IQR], 1.1-15.1 mm/y), and this correlated well with
the growth rate of the false lumen (Spearman   0.62; 95% CI, 0.06-0.89; P  .0347). False lumen thrombosis (FLT)
was seen in 7 of 12 patients and was not associated with reduced aortic expansion rate (FLT present: 11.4 mm/y; IQR,
3.6-21.4) vs FLT absent: 9.9 mm/y; IQR, 3.4-24.2; Mann-Whitney P .8763). False lumen stroke volume and velocity
were associated with more rapid aortic expansion (  0.80 [95% CI, 0.39-0.94; P  .0029] and   0.59 [95% CI,
0.09-0.87; P .0480] respectively). The position of the dominant entry tear was associated with rapid expansion, which
tended to be higher with distal vs proximal entry tears (distal, 21.4 mm/y [IQR, 11.4-48.9] vs proximal, 5.5 mm/y
[IQR, 3.4-16.6]; Mann-Whitney P  .096). Helical flow was seen in the false lumen in 8 of 12 patients and was related
to the rate of aortic expansion (  0.83, P  .0154).
Conclusions: 4D PC-MRI can be accurately applied to visualize and quantify flow characteristics in patients with aortic
dissection. Stroke volume, velocity, distal dominant entry tears, and helical flow are related to the rate of aortic expansion.
This study demonstrates the potential of this new imaging method. A larger prospective study is now required to measure
flow characteristics and determine their predictive value for risk stratification of patients with aortic dissection. (J Vasc
Surg 2012;55:914-23.)
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pharmacologic control of blood pressure and heart rate.1,2
Long-term outcome, however, is unsatisfactory, even after
initial stabilization.3 Many deaths are caused by aneurysmal
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914ilation of the false lumen, although a proportion are
elated to type A dissection and end-organ ischemia. Cur-
ent clinical practice is to treat patients with complications
f dissection, such as end-organ ischemia, aneurysm forma-
ion, or aortic rupture, with endovascular treatment, but
here is no consensus whether acute uncomplicated cases
hould be also be treated with stent graft placement.4-6
If patients who develop late aneurysmal dilation of the
alse lumen could be identified at an early stage, then they
ould benefit from early endovascular treatment. This is not
ossible with current imaging. Computed tomography
CT) is the clinical imaging technique used most com-
only to assess patients with aortic dissection. The diame-
er of the false lumen and the amount of false lumen
hrombosis are used to stratify patients according to risk of
ortic rupture and to select patients for treatment.7-11
Recent studies using aortic dissection computer mod-
ling show that hemodynamic parameters such as flow
attern, volume and velocity have a role in false lumen
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Volume 55, Number 4 Clough et al 915expansion and aneurysm formation.12,13 Magnetic reso-
nance imaging (MRI) is able to measure these hemody-
namic parameters in vivo. Two-dimensional (2D) scan
planes give very limited information about a single slice
of the aorta. A new generation of MRI sequences are
available—four-dimensional (4D) phase contrast MRI (4D
PC-MRI)—which can in a single scan acquire flow infor-
mation in the entire aortic volume over time. Blood flow
can be visualized and quantified as it travels from the heart,
through the true and false lumen and entry tears.
The aim of this study was to assess whether 4D PC-
MRI can be accurately applied to visualize and quantify
flow characteristics in patients with aortic dissection and
whether these features are related to the rate of aortic
expansion.
METHODS
The local Research Ethics Committee approved this
study, and all patients provided written informed consent
(08/H0809/49).
Overview
Patients with medically treated type B thoracic aortic
dissection under surveillance were recruited consecutively
(according to the date of surveillance imaging) and en-
rolled in this study. All patients were managed by a multi-
disciplinary team, including surgeons, radiologists, and
physicians specializing in the management of hypertension.
The 4D PC-MRI was optimized in a flow phantom and
in volunteers before commencement of this study specifi-
cally refining slice thickness, spatial resolution, flip angle,
and the data acquisition time.
Each patient underwent a three-dimensional (3D)
MRI anatomy scan using a blood pool contrast agent.
Two-dimensional phase contrast magnetic resonance imag-
ing data (2D PC-MRI) were acquired in the ascending and
descending aorta and 4D PC-MRI data were acquired in
the entire thoracic aorta.14-17 The 4D PC-MRI acquisition
measured velocity in each spatial direction (Vx, Vy, Vz) for
each voxel (within a 3D volume) over time, and from this
velocity field, the maximum, minimum, and average veloc-
ity were described. A contour drawn in the region of
interest was used to calculate (1) stroke volume (the sum of
the average velocity within the contour times the contour
area for all time phases); (2) forward flow (the sum of
positive velocities in the encoding direction within the
contour times the contour area for all time phases); and (3)
backward flow (the sum of negative velocities in the encod-
ing direction within the contour times the contour area for
all time phases).
CT images acquired at the time of the study were
compared with a second set of images acquired 12 months
prior for dissection age 1 year and to images acquired 6
months prior for dissection 1 year, and the change in
aortic diameter was assessed. 1RI acquisition
All images were acquired on an Achieva 3T scanner
Philips Healthcare, Best, The Netherlands) with a six-
lement coil. The images were reconstructed on the Philips
canner console using standard, commercially available
oftware. The 2D PC-MRI and 4D PC-MRI data were
orrected for eddy currents andMaxwell phase offsets using
tandard Philips software algorithms.18-20
Anatomy images. Isotropic 3D images of the aorta
ere acquired at least 10 minutes after the administration
f gadofosveset trisodium contrast agent (Bayer Schering
harma, Germany) to allow time for the contrast agent to
ll the false lumen. Data were acquired with a respiratory
avigator and electrocardiogram (ECG) triggering to re-
uce respiratory and cardiac motion artifacts, respectively.
ll data were acquired in a single respiratory phase (or bin)
5-mm gating window at end-expiration) and a single
ardiac phase (or bin) (mid-diastole, acquisition time 94
s). A k-space segmented inversion recovery prepared
teady-state free precession sequence was used (field of view
FOV], 400  253  156 mm3; acquired voxel size, 1.5
m3; flip angle, 20°; inversion time, 350 ms; repetition
ime [TR]/echo time [TE], 4.0/1.3 ms; 22 k-space lines
er cardiac cycle). Timing of the data acquisition from the
-peak (trigger delay) was determined from a 2-chamber
iew. These anatomy images were used to position 2D
C-MRI slices perpendicular to the aorta, to plan the 4D
C-MRI acquisition, and to assess false lumen thrombosis.
2D PC-MRI. Through-plane flow encoded images
ere acquired perpendicular to the aorta at two positions:
he ascending aorta 15 mm above the sinotubular junction
nd the descending thoracic aortic at the confluence of the
ulmonary arteries (including the true and false lumen).
ata were acquired in free-breathing with ECG-gating,
nd data were retrospectively assigned to 25 cardiac phases
FOV, 300  300 mm2; slice thickness, 10 mm; acquired
oxel size, 1.9  1.9 mm2; flip angle, 10°; velocity encod-
ng, 150-200 cm/s; TR/TE, 5.2/2.9 ms; temporal reso-
ution, 34 ms; number of signal averages, 2). The velocity
ncoding was set at 150 cm/s, and after the 2D PC-MRI
cquisition was complete, the reconstructed images were
hecked immediately for phase wraps. The velocity encod-
ng was increased if these were present, and the data were
cquired again until a velocity encoding that correctly
ncoded for the peak velocity was achieved.
4D PC-MRI. An oblique sagittal slab was positioned
o cover the entire thoracic aorta using the 3D MRI anat-
my scan, and data were acquired with a respiratory navi-
ator and ECG-gating. All data were acquired in a single
espiratory phase (5-mm gating window at end expiration)
nd ECG-gated data were retrospectively assigned to 25
ardiac phases. A flow-sensitive, gradient, and radio fre-
uency-spoiled gradient echo (phase contrast) sequence
as used (FOV, 300 300 85mm3; acquired voxel size:
.9  1.9  2.5 mm3; flip angle, 6°; velocity encoding,
50-200 cm/s; TR/TE, 4.9/2.8 ms; temporal resolution,
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April 2012916 Clough et al34 ms). The velocity encoding for the 4D PC-MRI acqui-
sition was set the same as for the 2D PC-MRI images.
CT acquisition
First-pass bolus-tracked contrast-enhanced images
were acquired using a 40-row multislice scanner (Brilliance
40; Philips Medical Systems, Cleveland, Ohio) during
breath-hold. A power injector (Medrad Spectris, Siemens
Medical Solutions, Malvern, Pa) delivered 100 mL of io-
hexol contrast agent (Omnipaque 350; GE Healthcare,
Oslo, Norway) at 4 mL/s. The locator and tracker were
placed in the aortic arch, and the scan was automatically
triggered when the contrast enhancement of the ascending
aorta reached 150 HU (FOV, 384 mm; acquired slice
thickness, 2 mm; tilt, 0°; tube voltage, 120 kV; tube
current, 281 mA; acquisition cephalocaudal).
Image analysis
All image data were exported and analyzed using com-
mercially available software (GTFlow 1.5.10, Gyrotools,
Switzerland for flow and Centricity PACS, GE-Healthcare,
UK workstation for anatomy data). The images were ana-
lyzed by consensus reading of two experts with more than 5
years’ experience of cross-sectional image interpretation.
The readers were blinded to the patients’ names, clinical
histories, and the results of other measurements. The ex-
perts evaluated the images simultaneously and all conclu-
sions were made by agreement between the two experts.
Aortic remodeling and false lumen thrombosis.
The maximum diameter of the true and false lumen was
measured at the level of the pulmonary artery and 10 cm
above the diaphragm, and the total aortic diameter was
calculated. The measurements from the two scans were
compared, and the growth rate was calculated.
Areas of false lumen thrombosis were accurately delin-
eated on the 3D MRI anatomy images acquired using
blood pool contrast agent14 (Fig. 1). False lumen throm-
Fig 1. Sagittal section through the aorta shows blood fl
can be accurately delineated and is seen proximally in th
vicinity of the entry tear. B, There is low flow (dark blue
Dynamic images demonstrate flow patterns that relate to t
high velocity jet is seen in the true lumen as the dissectio
ms image).bosis was defined as any area of thrombus seen within thealse lumen. The presence of false lumen thrombosis was
ubsequently related to the rate of aortic expansion.
Accuracy of 4D-PC MRI. The 2D PC-MRI slices
cquired in the ascending and descending thoracic aorta
incorporating true and false lumen) were aligned within
he 3D (4D PC-MRI) volume using the slice coordinates.
ontours were drawn in the ascending aorta and in the true
nd false lumen, and the stroke volume was calculated. The
DPC-MRI and 4DPC-MRI data from each location were
xported and compared using correlation analysis and
land-Altman plots. Separate analyses were performed for
he ascending aorta and the true and false lumen to assess
he accuracy of the measurements in different spatial loca-
ions within the magnetic field.
Quantification of stroke volume, velocity, forward
nd backward flow. A contour was drawn in the true and
alse lumen at the level of the pulmonary artery and 10 cm
bove the diaphragm in the 4D PC-MRI data. The stroke
olume, average velocity, forward and backward flow were
uantified and subsequently related to the rate of aortic
xpansion.
Visualization of entry tears and helical flow. A 3D
urface of the aorta was created using intensity-based seg-
entation of the anatomy images, and at each voxel within
he volume, a particle was seeded for flow visualization. At
ime-point 1 the particle was released into the velocity field
nd its path over subsequent time steps traced using path-
ine analysis. The movement of the particles from the
scending aorta and through the true and false lumen to the
iaphragm could be viewed in 3D dynamically or frame by
rame, in any chosen orientation.
. The position of entry tears was demonstrated as particles
crossed from the true to the false lumen. Entry tears in
the region of the pulmonary artery were defined as
proximal, and those approximately 10 cm from the
locity at five time points in the cardiac cycle. Thrombus
e lumen. A, High velocity complex flow is seen in the
e velocity indicator bar) in the region of the thrombus.
orphology of the thrombus (curved arrows).C,A further
moves from posterior to anterior in early diastole (400ow ve
e fals
on th
hem
n flapdiaphragm were defined as distal. The number of tears
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subsequently related to the rate of aortic expansion.
2. Areas of helical flow (flow predominantly perpendicular
to the direction of bulk flow in the descending thoracic
aorta) were identified and their location in the aorta was
documented. Helicity was quantified by assessment of
the amount of rotation and the start and end time in the
cardiac cycle (amount of rotation (degrees)/end time
(ms) – start time (ms)) (Fig 2) and was subsequently
related to the rate of aortic expansion.
Statistical analysis
Variables are expressed as median and interquartile
range (IQR,) unless otherwise noted. Distributions were
tested for normality using D’Agostino-Pearson (omnibus
K2) normality test. Pearson product-moment correlation
coefficient and Spearman correlation were used to assess
linear dependency between two variables. Bland-Altman
plots were used to assess agreement and to test for propor-
tional bias. Sample means were compared using Mann-
Whitney U test. A value of P  .05 was considered signif-
Fig 2. Identification and quantification of helical flow.A
identified.B,A plane was positioned perpendicular to the
by assessment of the amount of rotation in the plane andicant for all statistical tests. lESULTS
Twelve consecutive patients with medically treated
hronic type B aortic dissection were recruited to the study
nd successfully underwent imaging at 3T. The character-
stics of the study population are summarized in the
able. The median age of the dissection was 23.5
onths (range, 6-191). All patients completed each
hase of the imaging examination (without any evidence
f intrascan or interscan movement), and the images
ere suitable for analysis. The median scan time and
range) for each MRI acquisition were (1) 3D anatomy
mages, 3 (3-5) minutes; (2) 2D PC-MRI, 80 (60-120)
econds; (3) 4D PC-MRI, 9 (8-14) minutes (depending
n heart and respiratory rate). The median respiratory
ating efficiency was 42% (28%-51%).
Aortic remodeling and false lumen thrombosis.
he median aortic growth rate was 6.1 mm/y (IQR, 1.1-
5.1 mm/y) and this correlated well with the growth rate
f the false lumen (Spearman   0.62; 95% confidence
nterval [CI], 0.06-0.89; P  .0347) but not the true
entire aorta was inspected and areas of helical flow were
direction of flow.C,Helicity (degrees/s) was quantified
start and end time in the cardiac cycle., The
bulkumen (  0.21; 95% CI, –0.43 to 0.71; P  .5).
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areas of the false lumen with low flow. The morphology of
false lumen thrombus was related to the pattern of flow in
the false lumen (Fig. 1). There was no difference in the rate
of false lumen expansion between those patients with and
those without false lumen thrombosis (11.4 mm/y [IQR,
3.6-21.4] vs 9.9 mm/y [IQR, 3.4-24.2], respectively;
Mann-Whitney P  .8763).
Accuracy of 4D-PC MRI. Direct comparison of
stroke volume calculated from 2D PC-MRI and 4D PC-
MRI in the ascending aorta and true and false lumen is
shown in Fig. 3. Correlation analysis demonstrated high
levels of linear dependency (Pearson R2  0.98; 95% CI,
0.9818-0.9953; P  .0001) with good agreement and no
proportional bias. Overall, the 4D PC-MRI values were
slightly less than the 2D PC-MRI calculated values (bias,
1.0 mL; standard deviation [SD], 4.6; Fig 3). The agree-
ment of the new technique with the reference technique
was not significantly different at the ascending aorta (bias,
0.3 mL; SD, 4.7) true lumen (bias, 2.2 mL; SD, 5.6), or
false lumen (bias, 0.3 mL; SD, 3.5).
Quantification of stroke volume, velocity, and for-
ward and backward flow. The stroke volume was greater
in the true (54.3 mL; IQR, 43.2-64.8) compared with the
false lumen (31.6 mL; IQR, 19.8-47.6; Mann-Whitney
P  .0004; Fig 4). The majority of the flow in the true
lumen was from head to foot (forward flow) (91.4%; IQR,
90.0%-94.2%), whereas the false lumen had a high propor-
tion of backward flow (40.3%; IQR, 23.2%-53.3%). Expan-
sion rates were measured at the proximal and distal sites.
The difference in expansion rate correlated with the differ-
ence in stroke volume at those sites (Spearman   0.80;
95% CI, 0.39-0.94; P  .0029).
The average velocity of blood flow in the false lumen
(7.1 cm/s; IQR, 4.9-9.8) was less than the true lumen
(18.0 cm/s; IQR, 13.9-20.6; Mann-Whitney P  .0001;
Fig 4). Maximum velocity occurred earlier in the cardiac
Table. Characteristics of the study population
Pt
Age
(years) Sex
Age of
dissection (months) Complicatio
1 72 M 31 None
2 55 F 83 Ischemic right leg, trea
3 61 M 23 None
4 55 M 87 None
5 61 M 24 Ischemic leg, treated w
embolectomy
6 87 F 6 None
7 80 M 191 None
8 50 M 6 None
9 74 M 9 None
10 57 M 6 None
11 50 M 31 None
12 61 M 18 None
DVT, Deep vein thrombosis; F, female; M, male; PE, pulmonary embolism.cycle (false lumen, 166.0 ms [IQR, 132.8-210.0] vs true lumen, 215.0 ms [IQR, 196.3-249.0]; Mann-Whitney P
0105). Expansion rates were measured at the proximal and
istal sites. The difference in expansion rate correlated with
he difference in velocity at those sites (Spearman   0.59;
5% CI, 0.09-0.87; P  .0480).
Visualization of entry tears and helical flow.
atients had an average of 2 entry tears (range, 1-4). In all
atients, a dominant entry tear was identified (9 proximal, 3
istal; Fig 5). The position of the dominant entry tear in
ach patient was associated with the area of greatest false
umen expansion. There tended to be a higher rate of false
umen expansion with distal compared to proximal entry
ears (proximal 5.5 mm/y [IQR, 3.4-16.6] vs distal 21.4
m/y [IQR, 11.4-48.9]; Mann-Whitney P  .096).
Helical flow was only seen in the false lumen and
ccurred in 8 of 12 patients. In five patients the flow was
elical at one location, in one at two locations and in two
he flow was helical throughout the false lumen (Fig 2).
elical flow typically developed in early-systole, at 158 ms
IQR, 145-249) after the R-wave, and lasted for 310 ms
IQR, 217-537). The maximum amount of rotation seen
as 820° per cardiac cycle. The rate of rotation of the flow
aried between patients (1388°/s; IQR, 851-2012). The
mount of helicity was significantly related to the rate of
alse lumen expansion (Spearman   0.83, P  .0154).
ISCUSSION
The results of larger cohort series as well as the Inter-
ational Registry of Acute Aortic Dissection (IRAD), sug-
est that the long-term results of medical management of
ortic dissection are unsatisfactory.2,3,21 Identification of
atients at risk of aortic expansion and rupture early in the
isease course would allow elective endoluminal stent graft
lacement.
Imaging parameters currently used to identify patients
t risk of aortic expansion and rupture are related to a
resumed change in flow in the false lumen. For example,
dissection Comorbidity
Hypertension, factor V Leiden, PE, DVT
ith right iliac stent Hypertension
Hypertension
Hypertension
moral and popliteal Hypertension, DVT
Colorectal cancer, atrial fibrillation,
B-cell lymphoma
None
Marfan syndrome, hypertension, previous
aortic valve repair
None
Hypertension
Hypertension
Atrial fibrillationns of
ted w
ith feow flow is associated with thrombus formation and a
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Volume 55, Number 4 Clough et al 919Fig 3. Correlation analyses and Bland-Altman plots of two-dimensional (2D) and four-dimensional (4D) phase
contrast magnetic resonance imaging (PC-MRI). Stroke volume calculated by 2D PC-MRI and 4D PC-MRI showed
good agreement with no proportional bias. Asc Ao, Ascending aorta.
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April 2012920 Clough et aldiameter change greater than 10 mm/y is related to high
flow. MRI is able to noninvasively measure flow directly
using phase contrast techniques. 2D PC-MRI requires
significant time and user expertise to place each individual
slice exactly perpendicular to the aorta, and it is not able to
characterize complex flow. In comparison, 4D PC-MRI is a
single scan that can acquire flow data in the entire aorta
without complex planning.22-24
One of the challenges of using 4D PC-MRI in patients
with aortic dissection is the accuracy of the velocity mea-
surements. The 4D PC-MRI data are acquired over a large
volume and are susceptible to error from magnetic field
inhomogeneities, Maxwell terms, eddy currents, and gradi-
ent nonlinearities.18-20 Two-dimensional PC-MRI is the
MRI gold standard formeasuring velocity and is accurate to
within 5% of the true value.25 We therefore used 2D
PC-MRI as the reference standard against which to assess
the accuracy of 4D PC-MRI.16,17,26,27 Systematic assess-
ment of the accuracy of our data (by comparison with 2D
PC-MRI) found it to be accurate, with an overall bias of
Fig 4. Box and whisker and line plots of stroke volume
graphic description of the differences between the groups
each individual and demonstrate the variation between pa
greater in the true compared with the false lumen. Ther
different patients, for example in two patients, the majori
lumen. The horizontal line in the middle of each box ind
the 75th and 25th percentiles, respectively; and the whis5 mL. pMotion artifacts from cardiac and respiratory motion
re another potential source of error in 4D MRI acquisi-
ions. A navigator is used to track the position of the
iaphragm during respiration, and data are acquired in a
ingle respiratory phase, usually end expiration. To com-
ensate for cardiac motion, ECG-gating is used, and the
ata are assigned to consecutive cardiac phases.
Quantification of flow requires consideration of noise
n the images, which is determined by the velocity encoding
nd the signal-to-noise ratio of the magnitude images. The
etter the velocity encoding matches the real velocity, the
ore precise the measurement becomes. An increase in
ignal-to-noise ratio can be achieved by optimizing se-
uence parameters such as slice thickness, spatial resolu-
ion, and flip angle (refined in our phantom experiments).
urthermore, we chose to acquire the flow data after the
dministration of gadofosveset trisodium blood pool con-
rast agent to further increase the signal-to-noise ratio and
mprove the accuracy of the velocity measurements.14,15
This study shows that aortic dissection is complex and
elocity in the true and false lumen. The box plots give a
reas the individual line plots show paired observations for
. The median stroke volume and blood flow velocity was
significant variation in the flow characteristics between
the stroke volume was through the false rather than true
the median; the top and bottom borders of the box mark
ark the maximum and minimum values.and v
, whe
tients
e was
ty of
icatesatient-specific. In each patient, the diameter of the aorta
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Volume 55, Number 4 Clough et al 921increased over time due to false rather than true lumen
expansion. The growth rates that were measured were
significant despite specialist management of hypertension.
False lumen expansion was not equal along the length of
the aorta, which may be due to variations in blood flow,
pressure, and wall shear stress.28
MRI anatomy images acquired using the blood pool
contrast agent could delineate false lumen thrombus very
precisely. False lumen thrombus was associated with areas
of low velocity and complex flow but was not protective
from aortic expansion. This type of flow is known to cause
stasis of blood and endothelial activation, with initiation of
thrombus formation.29,30
Computer simulations have shown that areas of the
false lumen close to entry tears are associated with turbulent
flow and high wall shear stress, and these regions are prone
to aneurysm formation.12,13 In this study we found that the
position of the dominant entry tear was associated with the
area of greatest false lumen expansion. Distal entry tears,
however, were related to greater rates of aortic expansion
compared with proximal tears; all of these distal tears were
associated with highly helical flow.
Blood flow in the false lumen was multidirectional and
complex, with a high proportion of flow from foot to head,
against the predominant aortic flow direction. Helical flow
Fig 5. Visualization of entry tears. Communications be
using pathline analysis. These images can be viewed in 3D
selected for illustration and flow shown at five time point
the left subclavian artery. In systole (158 and 215 ms), th
B,Blood flows from the true to the false lumen through a
of high velocity is seen just distal to the entry tear as the
lumen narrows. Flow is seen the celiac and superior meswas seen in the false lumen of 8 of 12 patients and typically 4ppeared in early systole and disappeared in early diastole.
he rate of rotation of the helical flow was related to the
ate of aortic expansion, with higher rates of rotation re-
ated to more rapid expansion. This finding is in keeping
ith previous studies showing that dilation of the ascend-
ng aorta is related to helical flow.31 The effect may be
ediated by endothelial reaction to the change in local wall
hear stress as well as by relative hypoxia caused by reduced
lood circulation.32,33
Overall the stroke volume and velocity of blood flow in
he true lumen were greater than the false lumen. There
as, however, great variation in the flow characteristics
etween the different patients; for example in two patients,
he majority of the stroke volume was through the false
ather than true lumen. Correlation was seen between the
troke volume and velocity of blood flow in the false lumen
nd the rate of aortic expansion.34 Simulations and phan-
om models have shown that high false lumen flow velocity
s related to high false lumen pressure. In the future, it may
e possible to calculate the relative pressure using 4D
C-MRI data.35-37 Other parameters such as wall shear
tress and turbulence can also be assessed.38,39
ONCLUSIONS
The results of this study demonstrate the potential of
n the true and false lumen (entry tears) were identified
time in any chosen orientation. A single plane has been
e cardiac cycle. A,One entry tear is seen at the origin of
ocity in the true and false lumen is approximately equal.
y tear in the proximal descending thoracic aorta. An area
umen expands (because of the additional flow) and true
ic arteries (SMA) distally.twee
over
s in th
e vel
n entr
false lD PC-MRI as a technique to identify patients with higher
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April 2012922 Clough et alrates of aortic expansion. A larger prospective study is now
required to measure flow characteristics and clinical out-
comes. This would allow us to determine the predictive
value of these measurements and assess the future role of
4D PC-MRI for risk stratification of patients with aortic
dissection.
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